Open-framework gravel has permeability, k, above the measurement range of most conventional constant-head permeameters used in laboratories. Here I addressed the challenge of measuring such high k by using a permeameter long enough that the differences in head across it were on the order of 10 -3 m and therefore measurable. I collected data over the range from linear-laminar flow to non-linear, non-Darcian flow.
Gravely fluvial deposits are often dominated by sandy gravels and gravely sands.
Within these gravely sediments are open-framework gravel strata, which may be connected to form preferential flow pathways (e.g. Klingbeil et al., 1999; Lunt and Bridge, 2004) . Lunt et al. (2004) noted that such pathways act as "thief zones" during enhanced recovery in hydrocarbon reservoirs, or create rapid and localized dispersion of contaminants in aquifers.
Open-framework gravel strata form preferential flow pathways because their k is much greater than the surrounding sandy gravels and gravely sands. As shown by Conrad et al. (2008) , k varies non-linearly in sediment mixtures as a function of the volume fraction of the finer component. A typical-grain size distribution found in open-framework gravel is given in Figure 1 . Open-framework gravel typically has a sand fraction of 10% or less, and the k is greater than 1x10 4 Darcies. Gravely sand and sandy gravel typically have more than 30% sand and consequently have a k close to that of sand, typically 1x10 2 Darcies or less (Morris and Johnson, 1967; Klingbeil et al., 1998) .
Open-framework gravel presents a challenge for quantifying k because, under typical laboratory flow conditions, the hydraulic gradient, l h Δ Δ , is so small that it is hard to measure. Kleineidam (1998) quantified k in open-framework gravel using a laboratory permeameter with a length of 0.4 m and internal diameter of 0.1 m. The challenge of measuring a small head difference was addressed by using electronic pressure transducers.
Although this approach is innovative, Kleineidam (1998) did not report important details such as the head difference between manometer ports, the Reynolds numbers under which the data were recorded, and confirmation that the measured flows were in the linear-laminar Darcian regime.
In this study, I addressed the challenge of measuring k for sediments with very high permeability by using a very long permeameter. The "megapermeameter" has a distance of 2.91 m between manometer ports and is mechanical so the difference in head can be directly observed. I also collected data over the range from linear-laminar flow to non-linear, nonDarcian flow. In doing so, I was able to both verify that permeabilities were measured under Darcian regime, and to document the Reynolds numbers at which the transition to nonDarcian regime takes place.
Here I do not address the issue of packing or preserving the in-situ granular arrangement of the sediment. The longer term goal is to examine, in a general way, the variation in k in sediment mixtures, as a function of the volume fraction of finer-grained sediment. To do so requires mixing sediment with a systematic variation in the volume fraction of fines, and measuring k of these samples. Thus, here I am addressing the specific challenge of measuring k in prepared mixtures of gravels with a low fraction of sand, which
are models for open-framework gravel.
Methodology
Two sediment models were created for this study. One represents uniform pebbles.
The other represents open-framework gravel.
The first model was chosen to test the methodology using uniform spheres with a single grain-size, d. I used commercially available marbles with d nearly uniform at 10 mm.
These are the same pebble-sized spheres used by Kamann et al. (2007) and Conrad et al. (2008) in studying k and porosity in pebbly sand mixtures. I will refer to this as the uniform Premixed material entered through the top of the cylinder and a mixing rod was used to stir the mixture to prevent layering. The sediment was saturated with water through the base of the permeameter to allow air between individual grains to escape. The volume of water required to saturate the pores was recorded in each experiment so that the porosity,φ , of each sediment model could be calculated. Experiments were then run with different gradients. For each experiment a flow rate, Q, was measured by recording the time required to fill a 1000 ml graduated cylinder.
Importantly, the manometer tubes are adjacent, allowing the small difference in head between the manometers, Δh, to be measured. The Δh was measured using a digital micrometer which measured to the hundredth of a millimeter. Temperature was measured using a digital thermometer. The temperature was used to determine the density, ρ, and the viscosity, μ, of the fluid as tabulated in deMarsily (1986).
To determine that steady state had been established, normalized flow rate, Qμ/ρgA, was plotted against time as shown in Figure 2 .2. In the uniform pebble model, the time needed to stabilize the flow rates ranged from about three hours under higher flow rates to three days under lower flow rates. In the open-framework gravel model, the time to stabilize ranged from about three hours under higher flow rates to five hours under lower flow rates. 
Results and Discussion
The results of the experiments using the uniform pebble model are plotted in Figure   3 . The Reynolds numbers, R e , for each experiment are also given as labels in Figure 3 .1.
It is clear that the transition from the linear-laminar Darcian regime to the nonlinear-laminar regime occurs at R e above 25. The Δh and R e measured in 
24.82
The φ measured in the uniform pebble model was 0.4034. Indeed, the φ in uniform spheres assembled randomly under friction when loading (e.g. stirred or poured) is known to be 0.4 (Yu and Standish, 1993; Kamann et al., 2007) . The Kozeny-Carmen equation: In addition to measuring k, this methodology used in this study sheds light on the range of R e over which the Darcy's law is valid. Importantly using this approach, k has been determined by flow rates and gradients that are indeed within the Darcian regime.
Measurements of the k of open-framework gravel models are in the range between 1x10 3 and 1x10 5 Darcies. The methodology using a 3.0 m long cylinder as a permeameter can be used to measure k within this range. The cylinder was supported in the vertical position during loading as shown in Figure D .1. A mixing rod was used to stir the sediment as it was being loaded to prevent layering. Once loaded and capped, the cylinder served as a constant-head permeameter for conducting water-based measurements. The sediment was saturated through the base of the permeameter to allow air between individual grains to escape. During permeability and porosity experiments the flow rate was measured by using a 1000 ml graduated cylinder. Changes in head were measured with a digital micrometer that was accurate to a hundred's of a millimeter.
